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Using the sensitivity of magneto-induced second harmonic generation to spin currents (SC), we
demonstrate in Fe/Au/Fe/MgO(001) pseudo spin valves the generation of 250 fs-long SC pulses.
Their temporal profile indicates that superdiffusive hot electron transport across a sub-100 nm Au
layer is close to the ballistic limit and the pulse duration is primarily determined by the thermal-
ization time of laser-excited hot carriers in Fe. Considering the calculated spin-dependent Fe/Au
interface transmittance we conclude that a non-thermal spin-dependent Seebeck effect is responsi-
ble for the generation of ultrashort SC pulses. We also show that hot electron spins rotate upon
interaction with non-collinear magnetization at the Au/Fe interface, which holds high potential for
future spintronic devices.
PACS numbers: 72.25.Ba, 72.25.Fe, 73.23.Ad, 78.47.J-, 72.25.Mk
Expansion of spintronics towards ultrashort timescales
requires (i) new techniques for generation, control, and
monitoring of ultrashort spin current (SC) pulses and
(ii) fundamental understanding of their interaction with
magnetic layers. High mobility of electrons makes met-
als promising materials for prototype devices. It is known
that SC can be generated by the temperature gradient in
the bulk of a ferromagnetic metal (FM) [1] or across the
interface to a normal metal (NM) [2] employing the spin-
dependent Seebeck effect, which allows for ∼ 100 ps SC
pulses [3]. Direct excitation of spin-polarized hot carriers
(HC) in FM by ultrashort laser pulses can substantially
reduce the SC pulse duration. Spin transfer on femtosec-
ond time scales has been demonstrated by time-resolved
non-linear magneto-optics [4, 5]. The theory of superdif-
fusive HC transport was developed [6, 7] and used to
describe the ultrafast magnetization dynamics in metal-
lic bi- [8, 9] and tri-layers [10, 11] investigated with XUV
and soft x-ray probes.
To obtain insight into the microscopic dynamics of SC
pulses is challenging because the available experimental
techniques [4, 5, 8–11] monitor either not the SC pulse
but its effect on a material (e.g. transient magnetiza-
tion) or both in an entangled form. Therefore, the open
question whether the HC dynamics in FM, the scatter-
ing in NM layer, or the properties of FM/NM interface
determine the SC pulse duration and amplitude requires
new experimental concepts. The core of such concepts
is the direct detection of SC which can be realized by
the magneto-induced second harmonic (SH) generation
(mSHG) in centrosymmetric media. In addition to the
well known interface contributions, mSHG contains bulk
terms proportional to the current and SC as demon-
strated in GaAs [12, 13] and multilayer graphene [14].
Here we demonstrate ultrashort 250 fs-long SC pulses
generated by laser excitation of a Fe/Au/Fe heterostruc-
ture employing mSHG detection. We conclude that
the SC generation originates from a non-thermal spin-
dependent Seebeck effect (NSS) based on the spin- and
energy-dependent transmittance of the FM/NM interface
for non-equilibrium HC. Furthermore, studying the prop-
agation of spin-polarized HC across the heterostructure,
we show that HC spins orthogonal to the FM magnetiza-
tion rotate upon their interaction with the Au/Fe inter-
face. This implies that the transmitted and reflected HC
gain opposite spin components, similar to the spatial spin
separation known from the Stern-Gerlach experiment.
The spin-dependent Seebeck effect at a FM/NM in-
terface is governed by (i) the difference in the electronic
distribution function ∆f(E) on both sides of the inter-
face, which depends on the electron energy E , combined
with (ii) a spin- and energy-dependent interface trans-
mittance T . We have obtained T for the Fe/Au(001) in-
terface by ab initio quantum transport calculations [16].
Thick curves in Fig. 1a show the momentum-averaged
transmission probability T ↑↓FA of majority (↑) or minority
(↓) carriers moving from Fe to Au. For thermalized HC
with an electron temperature Te(z) [3], the gradient ∇Te
is decisive, whereas the corresponding HC reside within
±kBTe . 100 meV around the Fermi energy EF . There-
fore, the spin-polarized current generated at the interface
is determined by ∂T ↑↓FA/∂E at EF .
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2FIG. 1: (a) Calculated momentum-averaged transmittance
of the Fe/Au interface T ↑ for majority (solid green curves)
and T ↓ for minority (dashed red) carriers moving from Fe to
Au (TFA) and from Au to Fe (TAF ) (thick and thin curves, re-
spectively [15]). Shaded areas show energies at which primary
electrons (e↑↓) and holes (h↑↓) are excited by the 1.5 eV pump
[4]. (b) Experimental scheme and coordinate frame: xˆ = [100]
and yˆ = [010] are equivalent easy axes in Fe(001).
Both the magnitude and spin polarization of this cur-
rent can be enhanced by employing non-thermal HC dis-
tributions. The 1.5 eV laser pulses excite primary HC
in Fe at energies indicated by shaded areas (Fig. 1a) [4].
After few femtoseconds [17, 18], the e-e scattering leads
to the generation of secondary HC which form a non-
thermal distribution f(E) [19] within |E − EF | .1.5 eV.
Among these HC, only majority electrons e↑ with E &
EF+0.3 eV have large transmittance T ↑FA (Fig. 1a). This
generates a flux of e↑ from Fe to Au forming a pulse
of charge (j) and spin (jS) current in Au. Components
jSz,i, i = x, y define the orientation of the SC spin compo-
nent while the average electron velocity ve is along the
normal to interface zˆ (Fig. 1b). The collective displace-
ment of ”cold” non-spin polarized electrons near EF in Au
can screen the charge but not spin component of this HC
current. Remarkably, the spin-dependent interface trans-
mittance facilitates the demagnetization of a FM layer by
superdiffusive spin transport [6, 7]. Further, since non-
thermalized HC are essential for NSS, the pulse duration
will be primarily determined by the HC thermalization
time in FM τFMee . 0.5 ps [20, 21]. Thus, on the basis of
our calculations, we expect the generation of ultrashort
and intense SC pulses, which is demonstrated below.
To achieve steady control of propagation direction and
spin polarization of SC pulses, we combine the pseudo-
spin valve concept with the pump-probe approach devel-
oped in Ref. [4], see Fig. 1b. The two Fe layers in the
epitaxial Fe/Au/Fe/MgO(001) stack (Fig. 2a) are mag-
netically decoupled and can be optically excited/probed
independently owing to the 50 nm-thick Au spacer [22].
The samples were fabricated following Ref. [4] and exam-
ined with the scanning transmission electron microscopy
(STEM). The excellent epitaxial quality and flatness of
interfaces, demonstrated in Fig. 2 a-c, are essential for
comparison with the ab initio calculations performed for
an atomically sharp interface.
Optical experiments were performed in (either front
or back) pump-probe schemes shown in Fig. 1b. The
800 nm, 14 fs, 1 MHz output of a cavity-dumped
Ti:sapphire oscillator (Mantis, Coherent) was split at a
power ratio 4:1 into pump and probe pulses both fo-
cused into ∼ 10 µm spot resulting in a pump fluence of
∼10 mJ/cm2. The magneto-optical Kerr effect (MOKE)
was measured with a balanced two-photodiode detector
while the SH signal was registered by a photomultiplier
[4]. The SH field E2ω = Ee+Em consists of ”electronic”
Ee and magneto-induced Em terms which are, respec-
tively, independent of and proportional to the magne-
tization M [23]. In this work (x,z ) is the plane of in-
cidence and we use p-in, p-out polarization geometry.
Then, Em is proportional to My, the transversal mag-
netization component [4, 23] while the MOKE elliptic-
ity is sensitive to the longitudinal Mx [24]. In order to
set the magnetization of collector MC and emitter ME
(Fig. 1b), transversal (HT||yˆ) and longitudinal (HL||xˆ)
magnetic fields were applied. Fig. 2d-g shows the hys-
teresis loops measured vs. HT . For HL = 0, both MC
and ME switch abruptly, although at different HT . For
HL 6= 0, they rotate in two 900 steps, which results in
plateaus (Fig. 2d,e) corresponding to MC,E ↑↑ HL. At
the same field HT , the MOKE ellipticity appears with
its sign determined by the direction of HL (Fig. 2f,g).
The step width determined by HL is set such that we
can realize all 16 possible combinations of in-plane MC
and ME parallel to the easy axes. In the pump-probe
experiments, the SH intensity was measured in transver-
sal and longitudinal geometries for positive and negative
My and Mx, respectively. From these data, we retrieved
Ee, Em for each pump-probe delay t and Ee0, Em0 in the
absence of pump [25]. In the following, we discuss rela-
tive variations of the SH fields ∆Ee/Ee0 and ∆Em/Em0
which are shown in Figs. 3, 4.
In equilibrium, Ee = E
int
e and Em = E
int
m origi-
nate from the interface dipole polarization [26] P 2ωi =
χ
(2)
ijkE
ω
j E
ω
k + χ
(2,m)
ijk,y E
ω
j E
ω
kM
C
y , where i, j, k = x, z. How-
ever, after fs-laser excitation, the presence of a HC cur-
rent breaks the inversion symmetry. This leads to the
appearance of bulk dipole current- and SC-induced po-
larizations, χ
(2,C)
ijkz E
ω
j E
ω
k jz and χ
(2,SC)
ijkz,y E
ω
j E
ω
k j
S
z,y [27] con-
tributing to E2ω as:
ECe ∝ jz ∝ vz, ESCm ∝ jSz,y ∝ vzsy, (1)
3FIG. 2: Cross-section STEM image of Fe/Au/Fe/MgO(001)
stack capped with 3 nm of Au (a) obtained using TITAN
80-300 (FEI, USA) combined with the experimental scheme.
Electron diffraction (inset) reveals epitaxial growth of layers.
HRTEM images of flat Fe/Au (b) and Au/Fe (c) interfaces.
Hysteresis loops measured by mSHG (d, e) in p-in, p-out
polarization geometry and by p-in MOKE (f, g) in the bottom
(collector) (d, f) and top (emitter) (e, g) Fe layers vs. the
transversal external magnetic field HT ‖ yˆ for the indicated
values of the longitudinal field HL ‖ xˆ, as shown in (a).
where jSz,y is the SC component with the electron velocity
v along z and spin s along the y axis [28]. Thus, in addi-
tion to the modulation of the interface contributions, the
total pump-induced SH variations ∆Ee,m contain bulk
terms (1) which provide direct access to the current and
SC:
∆Ee = ∆E
int
e +E
C
e , ∆Em = ∆E
int
m +E
SC
m . (2)
This is demonstrated in Fig. 3 where we induce the HC
current from the front (F) or back side of the sample. In
the latter case, we consider parallel (P), anti-parallel (A),
and orthogonal (N) alignment of ME with respect to the
transversal MC. First, we discuss the pronounced char-
acteristic features at 50 < t < 400 fs ∼ τFMee . In the
F configuration, we observe ∆EFe > 0 and ∆E
F
m < 0.
Then we reverse v keeping the direction of s (determined
by ME) and find in this P configuration ∆EPe < 0 and
∆EPm > 0, in agreement with the sign change of jz and
jSz,y in Eq. (1). Then, we again reverse j
S
z,y (but not jz)
now keeping vz but changing the sign of sy (A configura-
tion). This only slightly affects ∆Ee (Fig. 3a) but ∆Em
changes its sign: ∆EAm < 0 (Fig. 3b). Lastly, we rotate
s by 900 (N configuration) to set jSz,y = 0, E
SC
m = 0 [cf.
Eq. (1)] and obtain no sizable ∆ENm . Thus, we unam-
biguously observe spin currents owing to the dominant
role of ESCm in the mSHG response at short delays.
FIG. 3: Variations of non-magnetic and current-induced (a)
and magnetization- and SC-induced (b) components of the
SH electric field observed in p-in, p-out polarization geometry.
SC vs. M configurations for the front (F) and back (P, A, N)
pumping are shown in the legend (cf. Fig. 1b). The solid line
represents the common background due to heating-induced
demagnetization.
At t τFMee , the SC pulse is over and we expect a slow
diffusion of thermalized electrons heating up the collec-
tor and thus reducing ∆Eintm ∝ ∆MCy . This agrees well
with the observed ∆Em(t) coinciding at 2 < t < 10 ps
(Fig. 3b). Subtracting this common trend taken as
−αt (solid line) from ∆EPm, we obtain a unipolar trace
(Fig. 4a) with a sharp onset in contrast to the bipolar
behavior of ∆EAm at 0 < t < 2 ps (Fig. 3b). To un-
derstand the origin of this striking difference and relate
the data to the SC pulse shape, it is essential to discuss
the interaction of HC with the Au/Fe interface, which is
determined by the interface transmittance TAF (Fig. 1a,
thin curves). Firstly, we will consider ”open” (P) and
”closed” (A) states of the spin valve widely used in GMR
(giant magneto-resistance) devices and identify contribu-
tions of transmitted and reflected HC to mSHG. After
that we will turn to N and L configurations (Fig. 4b,c)
with ME ⊥ MC having high potential functionality for
spin transfer torque applications [29].
Averaging the calculated HC transmittance over the
energy of emitted HC we obtain TP = 〈T ↑AF 〉 ≈ 0.95 and
TA = 〈T ↓AF 〉 ≈ 0.25. This means that in P or A config-
4FIG. 4: (a) ∆EPm and ∆E
N
m with the linear background re-
moved represent the SC pulse shape and the contribution of
reflected/transmitted hot electrons, respectively. ∆ELm differs
from ∆EPm due to the accumulation of the transversal mag-
netic moment ∆MCT accumulated in Fe behind the Au/Fe
interface [cf. (c) and Eq. (2)]. Hot electrons behavior at the
Au/Fe interface is illustrated for N (b) and L (c) SC vs. M
configurations (cf. Fig. 1).
urations the collector works as an effective HC absorber
or reflector. In the latter case, the reflected SC and tran-
sient spin density in Au near the interface modify ESCm
[30] and Eintm , respectively. The observed bipolar shape of
∆EAm(t) is similar to that measured in Ref. [4] at the Au
surface where the average HC reflection R = 1 is close to
RA = 1 − TA ≈ 0.75. This similarity points at the neg-
ligibility of ∆Eintm originating from transient reduction
of MC driven by the spin injection which is ruled out in
Ref. [4]. In P configuration, the transmitted angular mo-
mentum is about four times larger than in A. However,
it is distributed within the electron inelastic mean free
path in Fe λ↑Fe  λ↓Fe [31] thus providing even smaller
∆MC at the interface. Therefore, all contributions to
∆EPm apart from E
SC
m (t) are small [32] and ∆E
P
m(t) in
Fig. 4a represents the temporal profile of the SC pulse in
the entire range of delays.
For ballistic electrons traveling with the Fermi velocity
1.4 nm/fs [33] and random angular distribution the aver-
age time of propagation through the Au layer τb ≈ 70 fs.
The maximum of ∆EPm(t) observed at this delay thus
suggests the ballistic character of HC transport [4] and
indicates the ballistic length in Au λAu & 100 nm for
electrons with 0.3 < E − EF < 1.5 eV. Owing to that,
we conclude that the SC pulse shape given by ∆EPm(t)
closely reproduces the dynamcs of HC emission with the
decay time of about 250 fs (Fig. 4a), which is similar to
the HC thermalization time τFeee ≈ 200 fs [34]. Thus,
this particular transient structure of ∆EPm is a strong
evidence for the NSS mechanism of SC generation con-
sidered above.
We now turn to L configuration (Fig. 4c) where the
longitudinal MC ensures the absence of demagnetization
effects in Eintm while the transversal M
E provides a non-
zero ESCm . The striking similarity of ∆E
P
m and ∆E
L
m
at t < 1 ps (Fig. 4a) indicates a negligible contribution
of reflected HC spins. We treat s ⊥ MC representing
its wave function |Ψ⊥〉 = (|Ψ↑〉 + |Ψ↓〉)/
√
2 as a super-
position of the spin eigenfunctions [35] corresponding to
s ↑↑ MC and s ↓↑ MC, which were analyzed above for
P and A configurations. Considering diagonal reflection
and transmission operators, we obtain that the trans-
mittance for electrons with s ⊥ MC is the average of
transmittance for electrons with s ↑↑MC and s ↓↑MC.
A limiting case of TP = 1 and TA = 0 is illustrated in
Fig. 4b: only the spin-up (-down) component of the in-
coming wave is transmitted (reflected). In other words,
all orthogonal HC spins interacting with FM rotate to
parallel and anti-parallel with equal probabilities. Sub-
sequently, parallel spins are transmitted and anti-parallel
reflected, i.e. the two spin components are separated in
space like in the Stern-Gerlach experiment.
In the general case, not all HC spins rotate at the
interface (spin polarization rotates by less than 900).
Spin components of reflected and transmitted SC par-
allel to MC (”rotated spins”) are given [35] by sR|| =
(RP − RA)|s⊥|/2 and sT|| = (TP − TA)|s⊥|/2, respec-
tively, where s⊥ denotes the polarization of incoming SC
with s ⊥ MC. The residual perpendicular spin compo-
nents (”conserved spins”) are |sR⊥| ≤
√
RPRA|s⊥| and
|sT⊥| ≤
√
TPTA|s⊥|. These sR,T|| and sR,T⊥ are addressed
in N (s ‖ xˆ and MC ‖ yˆ) and L (MC ‖ xˆ and s ‖ yˆ)
configurations, respectively. Since all terms in Eq. (2)
are linear with T i, Ri and all sy-dependent terms change
sign when switching from P to A configuration, we ar-
rive at ∆EN (t) = (∆EP +∆EA)/2. Experimentally this
equation holds for both ∆Ee,m within error bars (not
shown) in line with Ref. [35]. Thus, the positive ∆ENm
observed at 0.5 < t < 2 ps is generated by reflected HC
spins rotated into the anti-parallel direction. The neg-
ative peak observed in ∆ENm at 100 fs characterizes the
effect of transmitted HC on MC . The negligible effect of
reflected HC spins in L configuration agrees well with the
calculated RP,A for which the residual |sR⊥| does not ex-
ceed |s⊥|/5: most of these spins are rotated to s ↓↑MC
and thus do not contribute to ∆ELm.
The angular momentum conservation upon interaction
with the Au/Fe interface leads to the emergence of ∆MC⊥
in a thin Fe layer adjacent to the interface. This is illus-
trated in Fig. 4c for L configuration in the limiting case
of TP = 1 and TA = 0. Although for the calculated
TP,A significant sT⊥ up to s⊥/2 can survive, the quan-
tum decoherence of the |Ψ↑〉+ |Ψ↓〉 superposition results
in the angular momentum accommodation within λ↓Fe.
This ultrafast spatially confined spin transfer torque ef-
fect inducing ∆MCy at the interface is responsible for the
5small deviation of ∆ELm from ∆E
P
m observed in Fig. 4a
at t < 0.5 ps. Subsequently, it leads to the excitation of
several lowest standing spin wave modes in the collector,
opening a pathway for studies of spatially non-uniform
precessional spin dynamics expanding towards the THz
domain. Being the origin of the non-monotonous behav-
ior of ∆ELm observed at the long time scale in Fig. 4a,
this dynamics is discussed elsewhere [29].
Summarizing, we have demonstrated the generation of
ultrashort SC pulses in Fe/Au/Fe epitaxial layers using
the nonlinear-optical technique developed for direct mon-
itoring of SC. The measured pulse shape agrees well with
the proposed non-thermal spin-dependent Seebeck effect
and indicates a nearly-ballistic character of HC trans-
port in Au. The SC pulse duration (∼250 fs) is deter-
mined by the HC thermalization time in Fe. We have
shown the large difference in transmittance across the
Au/Fe interface for the majority and minority electrons
with E − EF < 1.5 eV. This results in a high spin rota-
tion efficiency (∼ 70%) at the interface, where the trans-
mitted (reflected) SC loses its orthogonal spin compo-
nent and becomes polarized parallel (anti-parallel) to the
Fe magnetization. These findings facilitate the develop-
ment of metal-based sources of ultrashort SC pulses and
reflective/transmittive spin polarizers/rotators for ultra-
fast spintronics.
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